HIGHLIGHTS

Atomic Glimpses on a Billion-Year-Old Molecular Machine

Eric Westhof* and Neocles Leontis

The ribosome is the universal molecular machine for the
synthesis of proteins in biological cells. Each Escherichia coli
cell contains about 30000 ribosomes. Eubacterial ribosomes
are made up of two main components, each of which is
composed of an intricate assembly of proteins and RNAs,
totaling about 270000 atoms. In prokaryotes the small subunit
(30S particle) comprises the 16S rRNA and 21 proteins, while
the large subunit (50S particle) consists of two RNAs, the 5S
rRNA, and the 23S rRNA, together with some 33 proteins.[!
Functionally, the small subunit is devoted to the recognition of
messenger and transfer RNAs, while the large subunit is the
center of protein synthesis. A prokaryotic ribosome measures
about 200 A along each direction, which corresponds to the
close packing of approximately 16 nucleosomes, the funda-
mental constituent of chromatin. Recently, crystal structures
of each prokaryotic subunit’>* and of the whole prokaryotic
ribosome,’! the 70S particle, have been published. The
resolution of the structures is still rather low (4.5-7.8 A;
Table 1), but the prospects for a rapid increase in resolution
are real.

Like all great endeavours in science, the quest for structural
information on the ribosome has been eventful and ought to
inspire ambitious young scientists, especially in days where
science is shunned by students. The structures we can now
admire were solved in the laboratories of scientists who have
been involved in ribosome research for decades. Ada Yonath,
from the Weizmann Institute in Rehovot, Israel, started first
in the early 1980s, with the enthusiastic support of H. G.

Wittmann at the Max-Planck-Institute fiir Molekulare Ge-
netik in Berlin. Over the years, despite some open scepticism,
Ada Yonathll persevered, incrementally improving the qual-
ity of the crystal structures by choosing to extract ribosomes
from extreme halophilic and thermophilic bacteria and
applying successive technical advances in X-ray crystallog-
raphy (like cryocrystallography!”! to overcome radiation
damage and synchroton radiation to surmount weak diffrac-
tion power). Her group has now published the structure of the
308 particle at 4.5 A resolution.?

However, in the meantime, she had so successfully con-
vinced fellow crystallographers of the feasibility of the project
that other groups moved in, no longer content to study the
structure of the ribosome piecemeal. Peter Moore, at Yale
University, had deduced the relative positions of the proteins
in the 30S subunit using neutron diffraction.® ! This required
over a decade of dedicated work since each single protein had
to be isolated and purified in deuterated form before being
reinserted singly or in pairwise combination with other
proteins into reconstituted ribosomes. He teamed up with
the well-known structural biologist Tom Steitz, also at Yale
University, and their groups solved the structures of the 50S
particle, first at 9 A1 and then at 5 A.¥l In parallel, Venki
Ramakrishnan (first at the University of Utah in Salt Lake
City and then at the Medical Research Council in Cambridge,
UK), who had worked with Peter Moore on the relative
positions of ribosomal proteins and, since then, solved the
structure of several ribosomal proteins in isolated form,[''l has

Table 1. The different crystal structures which have been solved, together with their characteristics.

Particle Size Contentsl?

[MDa]kl

Resolution [A]
(no. of reflections)

Unit cell parameters Space
[A] group

30S Thermus thermophilus 0.9
50S Haloarcula marismortui® 1.6
70S Thermus thermophilus®  ca. 2.5

16S rRNA (1542 nt), 21 proteins
23S rRNA (2900 nt), 5S rRNA (120 nt), 34 proteins

a=b=407,c=176 P422
a=212,b=301,c=576 (222,
a=b=508, c=803 1422

45 (85991),01 5,581
5 (185190)
7.8 (121730)

[a] For E. coli ribosomes. nt =nucleotides.
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managed to produce a remarkable 5.5 A resolution structure
of the 308S particle with his group.”®! These two teams worked
on crystals of isolated particles previously shown by Yonath’s
group to crystallize.l'> 3]

Since the mid 1980s, working in the group of the ribosome
researcher A. Spirin (at the Protein Research Institute in
Puschino, Russia), G. Yusupova and M. Yusopov worked to
produce better and better crystals of a whole ribosome of a
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thermophile.l') They later brought their expertise in bio-
chemistry and crystallogenesis to the laboratory of Harry
Noller, a pioneer in the sequencing and characterization of
ribosomal RNAs,[5-18] at the University of California in Santa
Cruz. Noller’s team, which had already been joined by Jamie
Cate, who had previously participated in the ground-breaking
structure of the P4-P6 domain of group I introns,'” cracked
the structure of the whole ribosome.l!

Once the challenging difficulties of obtaining stable and
well-diffracting crystals were overcome, crystallographers
faced the tremendous problem of phasing the reflections
diffracted by crystals containing such large asymmetric
objects. The 30S particles were solved using the multiple
isomorphous replacement method, with multimetal clusters®!
based on tantalum or tungsten, and anomalous scattering in
one casePl or oligomers modified by metal clusters and
targeted to specific targets in the other.”! For the 50S particle,
the crystallographic problem was compounded by the fact that
the crystals were twinned, but, again, multiple isomorphous
replacement and multiwavelength anomalous scattering were
used to phase at high resolution, once the phases at low
resolution were obtained with the help of cryoelectron
microscopy (cryo-EM).['] The solution of the whole ribosome
relied also on a battery of theoretical and experimental
techniques: 1) several complexes of the 70S ribosome (with
messenger RNA and transfer RNAs or analogues) were
crystallized and measured in order to guarantee internal
consistency; 2) low-resolution phases were determined using
molecular envelopes derived from
cryo-EM; and 3) extension of the phas-
es to high resolution was achieved using
multiwavelength anomalous dispersion
experiments to locate heavy-atom clus-
ters.P!

The resolution, while not high
enough to resolve and identify individ-
ual RNA bases or protein amino acids,
is sufficient to distinguish protein a he-
lices from RNA double helices, and
thus the images reveal some of the
overall arrangements of the proteins
with respect to the RNAs. In the 1970s,
to obtain the structures of tRNAs,
crystallographers developed programs
fitting the previously determined struc-
tures of RNA building blocks, phos-
phates, sugars, bases, and mononucleo-
tides to the electron density of the
tRNA polynucleotide.?!! To solve the
present structures, whole domains—
RNA helices, conserved hairpin stem-

235 715
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could be fitted in the electron density of the small subunit.
Moreover, with the aid of data from the low-resolution
neutron-scattering mapl!® and biochemical experiments, the
positions of some of the other 30S proteins could be identified
(S2, S3, S11, S16, S18, and S20). In the large subunit, 12
proteins have been located. The atomic coordinates of five
previously solved proteins (L1, L2, L6, L11, and L14) and two
RNA fragments have been fitted to the electron density.
Three of these proteins (L6, L11, and L14) and the two RNA
fragments (the sarcin/ricin stem-loop and the L11-binding site
of 23S RNA) comprise a major part of the binding site for
G-protein factors.

Opverall, the structures confirm clearly the beautiful recon-
structions obtained by cryo-EM.?3% Thus, most of the
features of the small subunit (head and neck connected to
the platform and body; Figure 1) are discerned in the overall
shapes with some modulations depending on the crystal and,
importantly, the functional state of the particle. For the large
subunit, some meaningful differences appear on the left- (L1)
and right-hand (L7/L12) sides of the central protuberance
(Figure 1) between the structures obtained by cryo-EM and
crystallography. The cryo-EM images and biochemical data
served also to dock the previously solved structures of the
G-protein translation factors EF-G and EF-TU (complexed
to aminoacyl-tRNA and GTP) to this site.?* 3

The synergism between these two experimental approaches
has indeed great potential. This is illustrated by two recent
developments.P! 32 The insertion of a tRNA sequence within
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loops, recurrent RNA modules,?? >3
and available complexes between
RNA fragments and proteinsP 25—
have to be recognized and fitted into
the electron density. All seven 30S
proteins that had been previously crys-
tallized and solved to atomic resolution
(S4, S5, S6, S7, S8, S15, and S17)M1

1588 © WILEY-VCH Verlag GmbH, D-69451 Weinheim, 2000

Figure 1. Interactions between the small (30S) and large (50S) ribosomal subunits participating in the
formation of the functional 70S ribosome, as seen in the structure at 7.8 A resolution. Top: Two views
of the 708 particle, one edge-on and the other rotated by 90° to show the orientation of the 30S particle
on the 508 particle. Bottom: The 70S particle is opened up to reveal the corresponding contact points
on the two subunits. The contact points are color-coded and labeled to indicate the corresponding
“bridges” first identified by cryoelectron microscopy, and the specific RNA hairpin loops or helices
and ribosomal proteins now assignable at the higher resolution!*!l (see also Table 2). The figure is
adapted from Figures 2 and 3 of ref. [5] and used with permission from the American Association for
the Advancement of Science (copyright (1999).
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the bacterial gene for the 23S rRNA allows the isolation of
ribosomes with the L-shaped tRNA structure visible, thereby
permitting the identification of specific regions within the
whole particle.?! The cryo-EM structure at 7.5 A resolution of
the E. coli 50S particle reveals new details concerning the L7/
L12 region and the L8 complex as well as the extensive
conformational changes occurring upon binding of the 30S
particle.? The functional significance of the differences seen
between X-ray and EM structures is now difficult to assess,
but one expects large movements and rearrangements to
occur within the ribosome during the cycles of protein
synthesis (binding and release of tRNAs, progression along
the messenger, extrusion of the synthesized peptide, etc.).['"!

Various examples of known RNA structural motifs are
prominent in the areas of electron density (Figure 2). Firstly,
most of the canonical double-helical elements can be identi-
fied as such, by following the regularly spaced “knobs” of
electron density corresponding to phosphate groups. Second-
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ly, hairpin loops capped by 5-GNRA-3' tetraloops can be
identified, as these share a characteristic conformation,
featuring continuous stacking of three bases (5'-NRA-3").133
Thirdly, several internal loops displaying characteristic S-mo-
tifs®! have been identified, and two of these have been
assigned to functionally significant regions in each subunit.
One can be assigned to the 900 hairpin stem-loop in the small
subunit (nucleotides 890 —910 of 16S RNA, which includes the
“switch-helix” at its base), and another to the sarcin/ricin
hairpin stem-loop in the large subunit (nucleotides 2650—
2670 of 23S RNA), which participates in translation-factor
binding. Finally, multiple examples of RNA helices interact-
ing side-by-side perhaps through “ribose zippers”!!') are
observed. At the resolution of the present structures, how-
ever, single-stranded regions of RNA cannot be traced
unambiguously over long distances. Nonetheless, the RNA
backbone of 16S rRNA in the small subunit could be traced
over most of the central core domain.P’! In addition, a
conspicuous 100 A long, slightly dis-
torted RNA helix, seen in the 30S[2 3!
and 70S particles,’! can be identified
with the “penultimate” helix (residues
1400-1500) of 16S RNA. This func-
tionally important domain includes the
decoding site of 16S rRNA and forms a
significant part of the interface to the
50S subunit, including bridges B2a, B3,

s#itch helix

#=mat) T and B5 (Table 2). Moreover it directly
contacts the 900 hairpin stem-loop
containing the S-motif and switch helix,
which is implicated in modulating

500 translation accuracy and which itself is
laap seen to contact the 50S subunit at its

hairpin loop (bridge B2c).

What do the proteins do? An answer
to this question is also emerging. The
ribosomal proteins are dispersed
throughout the structures of both sub-

decading

units and most appear to cross-link

cross-strand
stacked As

e noncovalently two or more RNA heli-

Figure 2. Some RNA elements participating in intersubunit interactions, mapped onto the secondary
structure of the 16S ribosomal RNA. Conserved, exposed adenine residues, which are recurrently used
in tertiary contacts,*! are colored yellow.

ces, a fact consistent with abundant
data on chemical protection and cross-
linking indicating that the same protein

Table 2. RNA —protein and RNA -RNA intersubunit contacts identified in the 70S eubacterial ribosome around the core region which bind mRNA and

tRNAs.I> 411

Contact Type Location Small subunit Large subunit

Bla RNA - protein peripheral protein RNA

Blb RNA - protein peripheral protein RNA

B4 RNA —protein peripheral S15 protein 715 RNA hairpin stem-loop
B6 RNA - protein peripheral RNA protein

B2b RNA -RNA central core 790 hairpin stem-loop RNA

B7 RNA -RNA central core 690 hairpin stem-loop RNA

B2c RNA -RNA central core 900 hairpin stem-loop 1700 hairpin stem-loop
B2a RNA -RNA central core top PL-Sh.Gr. 1910 hairpin stem-loop
B3 RNA -RNA central core PL-Sh.Gr. RNA

BS RNA -RNA central core PL-D.Gr. RNA

[a] The contact names were first established and named as “bridges” of electron density by cryoelectron microscopy.*!! PL corresponds to the penultimate
helix in the 16S rRNA which carries the decoding site; the grooves of the RNA helix are denoted Sh.Gr. for the shallow, and broad, groove (corresponding to
the minor groove in the B-DNA helix) and D.Gr. for the deep, and narrow, groove (corresponding to the major groove in B-DNA helix).
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contacts regions of the RNA distant in the primary or
secondary structure. Thus, the general answer to the question
is that the ribosomal proteins help to organize and stabilize
the tertiary structural elements present in the RNAs. The
organization of the RNA itself is built around a scaffold of
RNA Watson-Crick helices connecting and positioning
structural motifs, often recurrent and assembled from non-
Watson - Crick base pairs,*! with a diverse set of accessible
binding sites. It is still much too early to discuss the relative
contribution of RNA —protein and RNA -RNA contacts to
the assembly of the subunits and the whole particle (see
Table 2 for the present state of knowledge).

However, more direct functional roles for certain ribosomal
proteins cannot be dismissed. In fact, the new structures
reveal surprises, including the observation that proteins S5
and S4 in the small subunit interact directly, creating an
interface that comprises the amino acids, which, when
mutated, affect the ability of the ribosome to select the
correctly aminoacylated tRNA (ram mutations). Further-
more, the structures are sufficiently detailed to reveal cavities
and tunnels, some of which are used to bind and channel the
substrates and products during the repetitive and highly
processive cycle of protein synthesis. The presence of a
channel leading from the active site of the peptidyl transferase
straight through the body of the large subunit, and ascribed to
the path of newly synthesized polypeptide, stands out in the
structure of the 50S subunit. This tunnel, first suggested 30
years ago, has been much discussed since it was seen in
reconstruction models of the 50S and 70S particles.’"]
Recently, cryo-EM provided evidence for its existence in
yeast ribosomes.! Tt is 20 A wide, 100 A long, and filled by
four Wy, clusters in the 50S crystals.”l Very striking is the
almost complete absence of protein at the interface between
the 30S and 50S subunits. It is at this interface that substrates
are bound and peptide bond formation takes place. This
pertains to the question: Is the ribosome a ribozyme or, in
other words, is the RNA the chemically active component for
catalysis of peptide bond formation? Although experimental
evidence points to that possibility, definite proof is still
missing.” Bridges representing points of contact between the
subunits (Table 2) were first identified in lower resolution
images obtained by cryo-EM.*1 On the basis of the present
structure of the 70S subunit,! supplemented by additional
biochemical work, an RNA —protein bridge spanning the
subunit interface was identified as protein S15 of the 30S
particle and the hairpin loop 715 in the 23S rRNA of the 508
particle.[*!]

The new crystal structures crown decades of determined
work and open up avenues for fundamental and applied
scientific developments. The 16S ribosomal RNA has already
played a central role in our classification of living forms. The
subdivision of the tree of life into three main forms (archaea,
eubacteria, and eukarya) was based on analysis of the
sequences of 16S rRNAs.[*? Structurally, the ribosome is a
gold mine of motifs and contacts. Extended comparisons
between the three-dimensional structural motifs and the
available sequences should yield the rules linking sequence
and structure in RNA, as well as those responsible for RNA —
protein recognition. The ribosome has been the subject of an
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intense modeling activity,* and thus the structures should
help delineate the limits and future possibilities. Several
antibiotics inhibit protein synthesis—either at the 50S level,
like the macrolides, or at the 30S level, like the aminoglyco-
sides—but organisms resistant to virtually any available
antibiotic occur.*! However, our knowledge at the atomic
level of the antibiotic binding sites on the eubacterial
ribosome is still scanty,*! and we can now hope to see in
the future complexes involving antibiotics. These will provide
crucial new structural data to guide efforts in drug design
necessary to overcome the imminent crisis in antibacterial
therapy resulting from the spread of resistance.
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How Does Tyrosinase Work?
Recent Insights from Model Chemistry and Structural Biology**

Heinz Decker,* Renée Dillinger, and Felix Tuczek*

Introduction

The catalysis of oxygenation and oxidation reactions by
tyrosinase and catecholoxidase is currently one of the most
exciting topics of bioinorganic chemistry. These enzymes
belong to the family of type3 copper proteins which is
involved in a variety of biological functions. Hemocyanins
(Hcs) serve as O, carriers in the hemolymph of arthropods
and molluscs,!! catecholoxidases (COases) oxidize ortho-
diphenols to ortho-quinones (diphenolase activity),? and
tyrosinases mediate the hydroxylation of monophenols to
ortho-diphenols as well as the subsequent oxidation to ortho-
quinones (monophenolase activity).’l Although they have
been studied for over 100 years, these reactions and the
observed functional differences are far from being understood
on a molecular level.
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With the notable exception of tyrosinase, X-ray structures
are available for all classes of type3 copper proteins: the
deoxy form of the Hc from spiny lobster (Panulirus inter-
ruptus),!! the deoxy and oxy forms of the Hc from horseshoe
crab (Limulus polyphemus),®! the oxy form of the Hc from
Octopus dofleini ! and the deoxy, met, and inhibitor-bound
forms of the COase from sweet potato (Ipomoea batatas).l)
As expected, all of these proteins contain virtually the same
binuclear copper active site which in its Cu'- Cu! deoxy form
reversibly binds O,, leading to a binuclear Cu® unit with O, as
a side-on bridging (u-n?:n*) peroxide group. Based on these
structural data, a mechanistic understanding of the corre-
sponding biochemical reactions now appears within reach. In
this respect, the recent finding of mono- and diphenolase
activity in activated Hesl®l is of great interest, as it provides
information regarding the orientation of monophenolic sub-
strates within the protein pocket containing the binuclear
copper active site.

Importantly, the growing structural insight into COase and
tyrosinase activity is complemented by a significant amount of
chemical and mechanistic information obtained from the
study of synthetic low molecular weight analogues.”) The
current electronic-structural, spectroscopic, and chemical
characterisation of the Cu,O, cores present in these inorganic
model systems constitutes a fascinating area of bioinorganic
research in itself and will most probably be crucial for a
further understanding of the oxygenation reactions mediated
by tyrosinase. The present highlight first describes key results
of these model studies and these are then contrasted with
mechanistic proposals derived from structurally characterized
proteins.
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